A forced choice identification perception experiment using 150 monosyllabic rhyming-word stimulus pairs (with identical consonants and tone) in 4 conditions of white Gaussian noise was conducted to explore vowel confusions in Thai, a language with 9 monophthongs and length (short-long) contrast for all vowels (e.g., /i/-/ii/). Each stimulus containing speech and noise portions is equal in length. Perceptual results of 18 vowels from 36 Thai listeners at a noise level (SNR) of −24dB, where the percent intelligibility is the most interpretable, showed that stimuli with short vowels are more accurately perceived than those with long vowels (93.46 vs. 85.64%) with /oo/ and /ee/ as the most confusable. Interestingly, asymmetrical confusions are observed with few short vowels being misperceived as long vowels, but a number of long vowels misperceived as short. Consistent with previous studies on recognition of English vowels in noise, the findings suggest that perceptual robustness of vowel height (correlating with F1) is higher than vowel front/backness (correlating with F2). The presence of masking noise seems to affect vowel roundness contrast (correlating with lowering of all formants and specially that of F2). Lastly, an analysis for listeners' misidentified responses shows that the listeners generally favor short over long vowels.
INTRODUCTION

Background
Thai, an official language of the Kingdom of Thailand, is a tonal language composed of 21 phonemes in initial position, and 9 phonemes in final position. Of key important to the present study is that each of the nine monophthongs in Thai occurs phonemically short (V) and phonemically long (VV) as shown in Table 1 . Thai syllables consist of a tone and up to two initial consonants followed by a short vowel and a final consonant or by a long vowel and an optional final consonant. The five tones are "mid" (ˉ), "low" (ˋ), "high" (ˊ), "falling" (ˆ), and "rising" (ˇ). Thus, Thai syllables may be represented as C i (C)V T C f or C i (C)V T V(C f ), where C i stands for an initial consonant, C i C a consonantal cluster, C f a final consonant, V a short vowel, VV a long vowel, and T a tone [1 2] . 
Research on Thai Vowels
Acoustic and Perceptual Studies
Among many phonetic and phonological characteristics of the Thai language, the 9 monophthongs, and their phonemic contrasts in length have been studied extensively [3] [4] [5] [6] [7] . Thai long stressed vowels were found to be, on average, approximately twice as long as short vowels. Abramson (1993) pointed out that although vowels from different speaking contexts vary in duration; their phonemic length contrast is largely maintained.
Thai short-long vowel pairs exhibit some differences in quality, with short vowels being somewhat lower than their long counterparts [3] [8] .To test whether spectral cues or durational cues are more relevant to the perception of vowel length for Thai listeners, Abramson and Ren (1990) created their test stimuli by incrementally lengthening short vowels and shortening long vowels to keep spectral information in the vowel portions intact. The results showed that spectral differences had some effect on the location of the perceptual boundaries between long and short vowels and that it was clear that vowel duration was the most dominant and sufficient acoustic cue for the vowel length distinction in Thai. Onsuwan (2005) conducted acoustic and perceptual experiments to investigate temporal relations in Thai monosyllables in two sets of data, firstly between voice onset time (VOT) of initial stops and vowel duration, and secondly between vowel duration, nasal coda duration, and coarticulatory vowel nasalization. Although some degree of perceptual influences regarding the segments' temporal relations was found, the findings strongly suggested that contrastive temporal properties (mainly contrastive vowel length) in Thai are robust.
Present Study
To the best of our knowledge, no extensive perceptual study has been carried out to determine the nature and extent of vowel confusions in Thai in terms of their quantity and quality (spectral), this study aims to explore this question by analyzing confusion patterns among the 18 vowels. The confusion matrix is an important analytical tool in this study for quantifying listeners' recognition responses. Confusion matrices have widely been used in the studies of speech sound confusions, specifically those of English vowels [9] [10] [11] .
It is worth mentioning that our broader research interest lies in establishing a baseline condition for the perception and recognition of Thai speech sounds, namely consonants [12 13 ], tones [14] , and vowels for further investigations among Thai people with hearing deficits [15] . To be in line with our previous work [12 14] , in the present study, to avoid the near ceiling effects of listeners' responses, additive white Gaussian noise (AWG) at 4 different SNR levels is added to the test trials. Likewise, a two alternative forced choice task is employed to systematically compare confusion patterns in each vowel pair. Percent correct responses and percent intelligibility scores are computed and analyzed. In the following sections, details of word list design, experimental setup, experimental results, and discussion are provided.
Design of Word List
A large set of monosyllabic rhyming word pairs [16] Table 4 ). This results in a total combination of 150 stimulus pairs of rhyming words. Each of the 18 vowels is a member of 17 rhyming pairs. The 150 rhyming word pairs are listed in Table 2 . Note that 43 rhyming words occur more than once (up to 3) in the list.
EXPERIMENTAL SETUP
To obtain percent correct responses and intelligibility scores for all the vowels with 4 conditions of additive white Gaussian noise (AWG), 4 signal-to-noise ratios (SNR) of -6, -12, -18, and -24dB were chosen based on our preliminary findings. Before the noise was added, the stimuli (clean) were created to assure that they sound as natural as possible. All 300 target rhyming words along with 100filler words were read 5 times in a carrier sentence (ชอบ...อี กแล้ ว   '(I) like (to) … again.') and recorded at a sampling rate of 44.1kHz in a soundattenuated chamber by a 36-year-old Thai male speaker who was born and grew up in Bangkok. Then, each target word stimulus was excised from the carrier sentence. To avoid audible discontinuity problems at the splice points, the starting point of each stimulus begins approximately 10 ms prior to the onset of initial consonant and its end point includes some durational adjustments to the last sound segment at a precise location. Every splice was done at a zero crossing. Then, one of the 5 tokens of each target word that was the clearest, most typical, and most natural sounding was selected based on impressionistic hearing evaluation and spectrographic inspection.
The test for vowels comprises 150 rhyming pairs across 18 different vowels and 50 pairs of filler words. For each SNR level, every member in the rhyming pairs was used as a stimulus once resulting in 75 trials including 25 trials of filler words. To bring out a balanced confusion matrix, the rhyming word in each pair is presented once as a stimulus in a trial, resulting in a total of 300 trials for the target vowels and 100 trials for filler words. Each listener performed 400 trials across 4 SNR levels (100 trials per SNR level). Sequences of individual trial as well as sequences of word in each A/B pair were randomized in real tests. Apart from a short practice session, there were 4 sessions, each of which is composed of 100 trials. A short 5 minute break was given at the end of each session. 
sound of boiling water
It is worth noting that every stimulus (containing noise and speech portions) has the same duration of 1,330 msec with the speech portion ranges from 110 to 320 msec. The intelligibility test was performed individually on 36 untrained volunteer subjects (17-25 years old) with (self-reported) normal hearing over headphones in a quiet room. In each trial, listeners heard a target stimulus and were asked to choose which of the two rhyming words they heard, between 2 rhyming words appearing on the computer screen. If they did not recognize the stimulus, they were instructed to guess before moving on to the next trial.
Lastly, percent correct responses are obtained and percent intelligibility scores are calculated as follows, P e = (N r -N w )/T×100%, where P e , N r , N w , and T are percent intelligibility score, numbers of correct responses, numbers of incorrect responses, and total number of stimuli, respectively [16] .
To gain insights into confusion patterns among the 18 vowels, confusion matrices are constructed based on listeners' correct identification responses. It is noted that the average percent correct response, which does not necessarily match the intelligibility score, is calculated from total number of correct responses divided by total number of stimuli.
EXPERIMENTAL RESULTS
Percent intelligibility scores for vowels across 4 SNR levels are shown in Table 3 .As listener's performance throughout SNR levels of -6dB, -12dB, and -18dB is high (subjects nearly perfectly perceived the stimuli [17] ), the remaining SNR level of -24dB is the most interpretable and is used to construct the following confusion matrix based on the percent correct responses (Table 4) .
From Table 4 , it can be observed that perceptual confusions are found in the dimension of vowel quality (vowels of the same length (e.g., //→//, //→//)) as well as vowel quantity (between short and long vowels of the same height and backness (e.g., //→//, //→//)). Overall, stimuli with short vowels are more accurately perceived than those with long vowels (93.46 vs. 85.64%). Paired t-tests confirmed significant differences [t(35) = 6.97, p< 0.01]. Among the 18 vowels, // and // are the most confusable, and interestingly // the least confusable. Regardless of the height and backness, asymmetrical confusions are observed with few short vowels being misperceived as long vowels, but a number of long vowels misperceived as short. Regardless of length, there appears to be a consistent trend that confusions are found more frequent in the backness contrast (e.g., //→//, //→//) as opposed to that of height (e.g., //→//, //→//). Moreover, there are several cases of confusions between unrounded and rounded vowels (e.g., //→//, //→//). Lastly, an analysis for listeners' misidentified responses shows that the listeners significantly favor short over long vowels [t(35) = 6.19, p<0.01]. The vowel phonemes that are mostly favored are// and //, and the least favored 
DISCUSSION
In this study, confusion data collecting from 150 monosyllabic rhyming-word stimulus pairs varying in vowel (with identical consonant(s) and tone) in white Gaussian noise clearly show observable percent correct responses and confusion patterns (types and directions) in the recognition of the 18 Thai vowels. Interestingly, perceptual confusions are found in the dimension of vowel quality as well as vowel quantity. Although more experiments are needed to clarify some of the results found here, it appears that short vowels have perceptual advantages over long vowels in noise. Generally, it is assumed that the masking noise primarily affects spectral information and intensity, but not the durational domain of speech. However, from the findings, the noise seems to introduce some types of percept that shorten or 'fragmentize' the vowel portion in speech; hence eliciting more short as opposed to long vowel responses. A detailed analysis of asymmetrical confusions, such as bias measure c [11] [18] will be carried out to assess the degree and direction of bias between vowel phonemes, and more importantly to determine whether spectral or durational information are more robust. Consistent with previous studies on recognition of English vowels in noise [11] , the findings suggest that perceptual robustness of vowel height (correlating with F1) is higher than vowel front/backness (correlating with F2). Finally, the presence of masking noise seems to affect vowel roundness contrast (correlating with lowering of all formants and specially that of F2).
